(C.T. Downs).
Introduction
The choice of a nest site can have a profound influence on energy expenditure during incubation, which in turn, can affect overall breeding success (D'Alba et al., 2009; Heenan, 2013; Hilton et al., 2004 ; Reid et al., 2000) . Birds that do not construct their own nests, such as secondary cavity nesters, are often limited by the availability of suitable nesting sites (Cockle et al., 2010 ; Newton, 1994) . When suitable nests are limiting, stronger or fitter individuals will often occupy the best nests enhancing their reproductive output (Robertson and Rendell, 1990) .
During incubation, birds need to partition their energy resources to conserve body condition for future reproduction, as well as ensure that sufficient energy is allocated to the current breeding attempt (Heenan, 2013 ; Reid et al., 2000) . Egg temperatures should be kept fairly constant to ensure optimal growth during incubation (DuRant et al., 2013; Hart et al., 2016 ; Kemp and Monaghan, 2006) . Tropical birds tend to expend less energy keeping their eggs at suitable temperatures owing to the prevailing climatic conditions (Hart et al., 2016) . Even so, the amount of exposure to the elements that a nest receives could also influence breeding success (Hart et al., 2016 ).
An ideal nest site is one that offers shelter from direct sunlight and wind, and that provides some measure of insulation (DuRant et al., 2013) . Cavity-nesters are somewhat buffered from the elements in this respect (Cooper, 1999 ; Martin and Ghalambor, 1999) and much work has been done studying the microclimates of, in particular, tree cavities used for nesting (Hooge et al., 1999; Wiebe, 2001 ; Maziarz et al., 2017) , roosting (Cooper, 1999) and hibernating (Coombs et al., 2010) .
In birds, nest microclimate or thermal environment has been shown to affect clutch size (Wiebe, 2001 ) and breeding success (Deeming et al., 2012; Kemp and Monaghan, 2006 ; Reid et al., 2000) . Nest construction and location can have a profound effect on nest microclimates (DuRant et al., 2013 ; Wiebe, 2001) , with nest insulation thought to be a critical feature of nest construction in many bird species (Deeming et al., 2012) . Differences in insulation between natural cavity nests and artificial nest boxes are poorly documented, despite the role that this may play in nest site selection by birds (Maziarz et al., 2017) . Most studies have shown that nest boxes are less insulated than natural tree cavities and, owing to their uniform design, would thereby provide limited variation in the quality of nest sites available for secondary cavity nesters (Maziarz et al., 2017) . Ellis (2016) showed that nest boxes had similar microclimates irrespective of the size and shape of the design and suggested that placement and construction material of the nest box were far more important factors in determining nest microclimate. The quality of a particular nest site (Wiebe, 2001 ) and factors like climate change (Matthysen et al., 2011) would directly affect the nest microclimate and could influence incubation temperatures. This could then increase the selective pressures exerted on incubating adults to maintain optimal nest thermal conditions (DuRant et al., 2013) .
Finding a suitable nest site to optimise incubation conditions can be especially challenging for large secondary cavity nesting birds that are territorial, such as the southern groundhornbill Bucorvus leadbeateri. Southern ground-hornbills breed during the austral summer, from October to March each year, which coincides with the first annual rains in the South African Lowveld ( Kemp, 1995) . They typically nest in tree cavities, rock crevices and earth banks, but take readily to artificial nesting sites. The species has suffered a significant decline in South Africa owing mainly to habitat loss and persecution (Kemp and Webster, 2008) and is listed nationally as Endangered ( Taylor et al., 2015) and globally as Vulnerable ( IUCN, 2016) . A National Species Recovery Plan was developed in an effort to curtail this decline, with reintroductions of the birds into suitable habitat being listed as one of the primary conservation goals for South Africa (Jordan, 2011) . The erection of artificial nests at these sites will increase the availability of suitably-sized nest sites. It is paramount that these artificial nests offer the best conditions for nesting to ensure the persistence and longterm survival of the birds, as well as to optimise their breeding success at reintroduction sites.
We investigated the thermal fluctuations of southern ground-hornbill nest cavities during the breeding season to determine the current range of temperatures experienced by these birds. We predicted that their cavity nests would have more stable temperatures than the associated diel ambient temperatures. We also related their nesting success to cavity nest and ambient temperature maximums and minimums to see if these had any effect on overall reproductive output. We predicted that their nests in anthropogenic structures would have higher temperatures and experience greater extremes of temperatures than natural cavity nests in hollows of trees.
Methods

Study area
We conducted the study in Kruger National Park (KNP) and associated conservation areas, South Africa (22-26°S, 30-32°E) in an area known as the South African Lowveld. The area is diverse, but has an average annual rainfall of 350-750 mm (Gertenbach, 1980) , and consists mainly of savanna, with pockets of dense woody vegetation within broader grasslands (Gertenbach, 1983) .
Nest temperatures
We recorded southern ground-hornbill nest temperatures and associated ambient temperatures during two breeding seasons (2013) (2014) (2014) (2015) with calibrated data logger i-Buttons® (Model DS 1922 L±0.06 °C, Dallas Semiconductor, Sunnyvale, CA) in natural nests in KNP and one artificial nest in an associated conservation area (Fig. 1 ). All iButtons® were calibrated with mercury thermometers (0.05 °C) in a water bath at temperatures from 5 to 45 °C. i-Buttons® were programmed to take a temperature reading every 15 min. For nest cavity temperatures, i-Buttons® were secured on the inside wall of the nest cavities, just underneath the layer of nesting material, with epoxy glue. Suitable locations outside the nest cavity, but out of direct sunlight, were sought to secure i-Buttons® (again with epoxy glue) to record ambient temperature. Initially, nine natural southern groundhornbill nests were selected, but owing to the loss of i-Buttons® during the 2013-2014 breeding season, nest and ambient temperature data were only collected from six natural nest sites. In the 2014-2015 breeding season, we were again unable to recover all of the i-Buttons® and nest temperature data were only collected for four natural southern groundhornbill nests, with ambient temperature data only collected from three natural nests. There was only one artificial nest available within the study area. i-Buttons® were deployed at the artificial nest site to record both ambient and nest cavity temperature in both the 2013-2014 and 2014-2015 breeding season. Although a total of 20 i-Buttons® were deployed throughout this study, only 10 were recovered (many only as a result of using a metal detector) owing to the birds discovering them and actively pecking them off from the nest cavity's walls. Nest activity and success for each breeding season were also recorded.
Statistical analyses
Initially, we calculated hourly mean temperatures for each day in each month. We then determined the daily minimum and maximum hourly mean nest temperature for each month. We performed Analysis of Variance (ANOVA) and Repeated Measures Analysis of Variance (RMANOVA) to determine whether there was a significant difference in southern ground-hornbill nest temperatures. Data from both active and inactive nests for the 2013-2014 breeding season were pooled for the RMANOVA analyses, as Post-hoc Scheffe tests showed that this was not a dividing factor. We used Tukey Post-hoc tests to determine among which sites significant differences in temperatures occurred. The above statistics were performed using the Statistica 7 package (Statsoft Inc., Tulsa, OK, USA). All graphs were plotted using the ggplot2 (Wickham, 2009 ) and cowplot (Wilke, 2016) packages in R (Version 3.2.2; R Core Team, 2016).
A generalised linear mixed model with a binomial distribution and logit link function was applied using the R lme4 package (Bates et al., 2015) to determine if either nest or ambient minimum and maximum temperatures had any effect on nesting success. Nest success was the response variable and Nest and Year were included as random effects. A nest was considered successful if the nestling reached ringing age (60-70 days).
Results
Nest characteristics and success
The measurements and characteristics of the various southern ground-hornbill cavity nest sites are included in Table 1 , with data on the activity and success of each nesting attempt presented in Table 2 . None of the nest characteristics were shown to have an effect on nesting success for southern ground-hornbills in the Kruger National Park (Combrink, unpubl. data). We tested the effect of maximum and minimum nest cavity and ambient temperatures on nest success and found no significant impact [Nest success: nest maximum temperature (P=0.311), nest minimum temperature (P=0.168), ambient maximum temperature (P=0.267), ambient minimum temperature (P=0.250)]. 
Nest temperatures
The mean hourly temperature showed that most southern ground-hornbill nest cavity temperatures fluctuated daily ( Fig. 2) with the artificial nest (PMC) showing the greatest fluctuation. The temperature ranges recorded for both ambient and nest cavity temperatures are presented in Table 3 . The mean hourly nest temperature differed significantly between the southern ground-hornbill nests across both seasons (2013-2014: F (6, 468) Similarly, mean minimum and maximum nest cavity temperatures of southern groundhornbills differed significantly between the nests for both seasons (Figs. 3b and 4b) . The artificial nest maximum temperature was significantly warmer than nest minimum temperature in both breeding seasons (Post-hoc Scheffe, p<0.05). Maximum nest cavity temperatures of southern ground-hornbill nests differed significantly from maximum ambient temperatures for both breeding seasons (Figs. 3c and 4c ). Ambient maximum temperature was higher than the nest maximum temperature for all nests excluding Mudzadzene nest (2014-2015 season) , where the temperatures were almost equal, and the artificial nest (both seasons). The artificial nest maximum temperature was significantly higher than the maximum ambient temperature in both breeding seasons (Post-hoc Scheffe, p<0.05). Similarly, minimum nest temperatures of southern ground-hornbill nests differed significantly to minimum ambient temperatures for both breeding seasons (Figs. 3d and 4d) . Generally, the nest minimum temperatures were warmer than the minimum ambient temperatures for all nests in both breeding seasons, with the exception of the artificial nest.
Discussion
Changes in local environmental conditions, in particular temperature, have been shown to affect birds in terms of the timing of egg laying (Both et al., 2004) , timing of migration (Crick, 2004) , nestling condition (Perez et al., 2008) , and nest survival (Guerena et al., 2016) . In savannas, the increase in ambient temperature as a result of increased CO 2 concentrations, could incur significant vegetation changes (Buitenwerf et al., 2012) which could severely affect bird reproductive output. Southern ground-hornbills time their breeding to coincide with the first seasonal rainfall (Kemp and Kemp, 1991) , which in the South African Lowveld occurs in late spring and early summer. Rainfall, is considered an influential factor in the breeding biology of southern ground-hornbills, as nesting only starts once the first rains of the wet season have fallen (Kemp and Kemp, 1991) . This is most likely in response to the increased abundance of their typical prey (Kemp and Kemp, 1991) . However, this also coincides with increased temperature during the daytime.
Climate change is expected to cause an overall increase in temperature and greater extremes in wet and dry seasons, as well as fluctuations in extreme temperatures (Thuiller et al., 2008) . Our results showed a high plasticity and range in southern ground-hornbill nest cavity temperatures with some nests having stable nest temperatures both day and night, others decreased nest temperature at night, whereas others showed increased nest temperatures at night. This was interesting as we expected nest cavity temperatures to be more stable than ambient temperatures. We did, however, find that tree cavities provided a buffer against the maximum and minimum ambient temperatures for southern groundhornbills in the South African Lowveld, although the mean hourly nest cavity temperatures were generally warmer than the mean hourly ambient temperatures.
When comparing the ambient maximum and minimum temperatures to the nest maximum and minimum temperatures, the buffering effect of the natural tree cavities against the heat for southern ground-hornbills during incubation is evident. For the Mudzadzene nest in the 2014-2015 breeding season, the ambient and nest maximum and minimum temperatures were similar. This is the only natural nest in our study that is located in a dead snag, without a canopy. Not having adequate shade during the hottest part of the day or a canopy for cover at night could have affected these nest temperatures. The artificial nest was the only nest where the nest maximum was significantly higher than the ambient maximum across both breeding seasons. Similarly, there was a marked difference between the nest minimum and ambient minimum temperatures for the artificial nest across both seasons, with the artificial nest minimum being lower than ambient minimum. For the natural tree cavities, the nest minimum temperatures were higher than ambient minimum temperatures in both seasons.
Our results showed that the artificial nest, constructed from a 52 gallon plastic drum, provided little insulation against the extreme temperature fluctuations, day and night, experienced in the South African Lowveld. This nest was erected on privately-owned land by the land managers, as part of an experiment to see whether southern ground-hornbills would nest there. Surprisingly, this has been one of the most consistently successful nests (based on the number of seasons where nestlings reached ringing age) out of the 30-40 southern ground-hornbill nests that were monitored in this region over the past seven years. Nest cavity temperature maximums in the artificial nest (PMC) were 14.5 °C and 8 °C higher than ambient temperature maximums for the 2013-2014 and 2014-2015 breeding seasons, respectively. These temperatures, however, were not the highest recorded nest cavity temperatures in the 2013-2014 breeding season, with two natural nests (Hlahlene (failed) and Nwaswitsontso (inactive)) reaching maximums above 56 °C. These results are encouraging, as they suggest that southern ground-hornbills can breed successfully at extreme temperatures.
Many areas that would previously have supported southern ground-hornbills have been found unsuitable (Cilliers et al., 2013) , limiting the potential range expansion of the species outside of protected areas. In an effort to enhance breeding, the use of artificial nest boxes for southern ground-hornbills has been implemented within areas of the Lowveld with great success (Wilson and Hockey, 2013) . Much time and effort has been spent on determining the best design for a southern ground-hornbill artificial nest box to promote successful breeding. A workshop held in 2013 listed 10 points to consider when designing artificial nest boxes for southern ground-hornbills (Kemp et al., 2013) . The dimensions of the cavity, entrance perches, roof structure and the attachment point were included, although the actual material used to construct the nest was not listed as a priority consideration (Kemp et al., 2013 ).
Although we only had one artificial nest site within our study area, our results suggest that groups will choose to use a sub-optimal nest in terms of ideal microclimate, if there is no suitable alternative nest within their territory. As a result of the fact that the group was able to nest successfully in these sub-optimal conditions, the dimensions of the nest cavity seem to be a more important factor than the construction material used for the nest for southern ground-hornbills. We would, however, still recommend constructing artificial nests out of natural materials, where possible, purely for the comfort of the birds and to better mimic the conditions (in particular the buffering effect) shown in natural tree cavities. Further research should investigate the effect of different nest box construction materials on nest microclimate towards providing southern ground-hornbills with high quality artificial nest sites at reintroduction sites.
